ABSTRACT: Biliary atresia (BA) is a virus-induced autoimmune disease associated with abnormal DNA methylation patterns that contribute to disease presentation. This study examined DNA methylation patterns, changes to genes associated with methylation regulation, and changes to the autoimmune-related gene interferon gamma (IFN-␥) in CD4ϩ T cells from BA patients. We demonstrated that genomic DNA isolated from CD4ϩ T cells harvested from infants presenting with BA were hypomethylated relative to healthy controls. In addition, DNA methyltransferase (DNMT1) and DNMT3a mRNA levels were significantly lower in BA CD4ϩ T cells compared with controls and methyl-DNA-binding domain proteins (MBD1) mRNA expression (but not MBD4 detected at higher levels in BA patients), which was significantly lower in CD4ϩ T cells from BA infants than in controls. DNMT1 expression positively correlated with global DNA methylation in BA CD4ϩ T cells. IFN-␥ mRNA expression levels in BA patients were also significantly increased, and the IFN-␥ gene promoter region was hypomethylated in BA CD4ϩ T cells compared with controls and negatively correlated with DNA methylation. These data suggest that methylation changes in CD4ϩ cells may contribute to BA disease presentation and progression by affecting the expression of genes associated with autoimmunity. (Pediatr Res 70: 555-559, 2011) B iliary atresia (BA) can develop into neonatal cholestasis via undefined mechanisms and is characterized by fibrosclerosing and inflammatory destruction of the extrahepatic and intrahepatic biliary system during the first few weeks of life (1,2). Neonatal cholestasis is a devastating disease that leads to cirrhosis, requiring liver transplantation as the only option for therapy in the majority of cases (3). The etiology and pathogenesis of bile duct obstruction in children with BA remains largely unknown. One theory suggests that it may result from a primary perinatal hepatobiliary viral infection that elicits autoimmune-mediated bile duct injury (4) associated primarily with CD4ϩ T helper 1 (Th-1) cell-mediated inflammatory processes (5), and genome-wide association studies have identified BA susceptibility loci on several chromosomes (6,7). However, studies carried out in twins demonstrated that nongenetic factors also play an important role in mediating generalized BA pathogenesis (8) even though specific causes of generalized BA remain obscure because no common (specific) environmental factors that trigger disease progression (either directly or via an autoimmune response) have yet been identified.
B iliary atresia (BA) can develop into neonatal cholestasis
via undefined mechanisms and is characterized by fibrosclerosing and inflammatory destruction of the extrahepatic and intrahepatic biliary system during the first few weeks of life (1, 2) . Neonatal cholestasis is a devastating disease that leads to cirrhosis, requiring liver transplantation as the only option for therapy in the majority of cases (3) . The etiology and pathogenesis of bile duct obstruction in children with BA remains largely unknown. One theory suggests that it may result from a primary perinatal hepatobiliary viral infection that elicits autoimmune-mediated bile duct injury (4) associated primarily with CD4ϩ T helper 1 (Th-1) cell-mediated inflammatory processes (5) , and genome-wide association studies have identified BA susceptibility loci on several chromosomes (6, 7) . However, studies carried out in twins demonstrated that nongenetic factors also play an important role in mediating generalized BA pathogenesis (8) even though specific causes of generalized BA remain obscure because no common (specific) environmental factors that trigger disease progression (either directly or via an autoimmune response) have yet been identified.
DNA methylation is the only genetically programmed DNA modification process in mammals involved in the regulation of several biological processes, including gene transcription, Xchromosome inactivation, genomic imprinting, and chromatin modification (9 -11) . DNA methylation plays a critical role in maintaining T-cell function, and a growing body evidence indicates that failure to maintain DNA methylation levels and patterns in mature T cells can result in T-cell-mediated autoimmune responses in vitro and autoimmunity in vivo (12) . Defective maintenance of DNA methylation may result in the development of many autoimmune diseases including systemic lupus erythematosus, rheumatoid arthritis, and multiple sclerosis (13) (14) (15) .
In general, methylation of CpG islands within promoter or enhancer regions suppresses target gene transcription (16) and DNA methylation patterns are established and maintained by DNA methyltransferases (DNMTs). In humans, three enzymes are known to have DNMT activity: DNMT1, DNMT3a, and DNMT3b. DNMT3a and DMMT3b are responsible for de novo methylation and modify unmethylated DNA. In contrast, DNMT1 acts on hemimethylated DNA and is thought to be required for maintaining methylation patterns (17) . Methylated DNA is recognized by a conserved family of methyl-DNA-binding domain proteins (MBDs) consisting of five known members in mammals: MBD1, MBD2, MBD3, MBD4, and methyl-CpG-binding protein-2 (MeCP2). All MBDs play active roles in regulating DNA methylation, heterochromatin formation, and gene transcription (18) .
In the present work, we investigated global DNA methylation levels (and mRNA expression patterns of DNMTs and MBDs genes) in CD4ϩ T cells harvested from infants presenting with BA and identified a pattern of aberrant genomic DNA methylation and DNMT and MBD expression. We also demonstrated increased gene expression of IFN-␥ in CD4ϩ T cells collected from pediatric BA patients who correlated with the DNA methylation status of the IFN-␥ gene promoter region. IFN-␥ is critical to the development of protective innate and adaptive immune responses against viral and intracellular bacterial infections, and aberrant IFN-␥ expression is associated with a number of autoinflammatory and autoimmune diseases. Our results provide novel insights into the pathogenesis of BA.
MATERIALS AND METHODS

Subjects.
Fifteen infants with BA with a mean age (mean Ϯ SEM) of 59 Ϯ 5.6 d were recruited from the Outpatient Pediatric Clinic and Inpatient ward at the Children's Hospital, Medical Center of Fudan University. Healthy controls (n ϭ 12; mean age of 67 Ϯ 7.4 d) were recruited from the Children's Hospital, Medical Centre of Fudan University. BA patients and controls were age-and gender matched. Pathological diagnosis of BA patients was confirmed independently by two pathologists. Experimental protocols were reviewed and approved by the human ethics committee of the Medical Center of Fudan University, and written informed consent was obtained from the parents of all subjects.
CD4؉ T cell isolation. Peripheral blood was collected in heparinized tubes from patients and controls. Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll-Hypaque density gradient centrifugation (Tianjin Haoyang Biological Manufacture, Co., Ltd, Tianjin, China), and CD4ϩ T cells were isolated by positive selection using magnetic beads as described by the manufacturer (Miltenyi Biotec, Bergisch Gladbach, Germany). The purity of enriched CD4ϩ T cells isolates was evaluated by flow cytometry and was higher than 94%.
RNA isolation and real-time quantitative RT-PCR (qRT-PCR).
Total RNA from CD4ϩ T cells was isolated using the DNA/RNA Isolation kit (Tiangen Biotech, Beijing, China). qRT-PCR was performed using an ABI 7500 instrument (Applied Biosystems 7500; ABI, Foster City, CA), and mRNA levels were quantified using the QuantiTect SYBR Green RT-PCR kit (TaKaRa Biotech, Co., Dalin, China). Serial dilutions of sample RNA were also included to generate a standard curve used to calculate the relative concentrations of transcript in each RNA sample examined. Negative controls (distilled water substituted for RNA) were also run for each sample, and ␤-actin was amplified and used as a loading control. Primers used are listed in Table 1 .
Genomic DNA extraction and measurement of global DNA methylation. Genomic DNA was isolated from CD4ϩ T cells using the DNA/RNA Isolation kit (Tiangen). Global DNA methylation was measured using the Methylamp Global DNA Methylation Quantification Kit as described by the manufacturer (Epigentek Group, Inc., New York, NY). This kit yields accurate measures of methylcytosine content expressed as a percentage of the total cytosine content. Briefly, DNA was immobilized on a strip well with high affinity for DNA and DNA methylation quantified by an ELISA-like reaction using an anti-5-methylcytosine antibody. The amount of methylated DNA is proportional to the OD, and the degree of DNA methylation determined was based on the OD readings obtained.
IFN-␥ genomic DNA extraction and bisulfite sequencing. IFN-␥ genomic DNA was isolated from CD4ϩ T cells using the DNA/RNA Isolation kit (Tiangen). Determination of disulfite conversion was performed using the EpiTect Bisulfite Kit (Qiagen, Germany). The 5Ј-flanking sequences were identified by bisulfite treatment of purified DNA followed by PCR amplification of a 658 base pair (bp) fragment located immediately 5Ј to the IFN-␥ gene transcription start site (Ϫ579 to ϩ79, containing five CG pairs). Fragments were cloned into the pMD19-T vector (TaKaRa Biotech), and five independent clones were sequenced for each of the amplified fragments (19, 20) . The following primers were used: forward, 5Ј-TTGTGTGGTTTG-TATTGTATTTT-3Ј and reverse, 5Ј-TCAAACTAATCAAATCCAAAAA-3Ј.
Statistical analysis. Data are expressed as the mean Ϯ SEM. The t test was used to determine statistically significant differences between groups, and p-values Ͻ0.05 were considered significant. All analyses were performed using the SPSS Version 13.0 (SPSS, Chicago, IL) software.
RESULTS
Global DNA methylation of CD4؉ T cell DNA from BA infants and healthy controls. Global DNA methylation of DNA isolated from infants presenting with BA (n ϭ 15) and from healthy controls (n ϭ 12) was characterized and demonstrated that the mean genomic CD4ϩ T cell DNA methylation levels were significantly reduced in BA infants compared with healthy controls (37.37 Ϯ 1.086% versus 55.2 Ϯ 0.751%, p Ͻ 0.0001; Fig. 1) .
Expression of DNMTs and MBDs in CD4؉ T cells of BA infants and healthy controls. To determine the cause of DNA hypomethylation in infants presenting with BA, the transcription levels of DNMTs and MBDs in CD4ϩ T cells were assessed using qRT-PCR. DNMT1 and DNMT3a mRNA levels were significantly lower in BA CD4ϩ T cells (0. 
F, forward primer; R, reverse primer. (Fig. 2B) . Correlation between global hypomethylation with DNMTs and expression of MBDs. We next analyzed the relationship between global DNA methylation status and expression of DNMTs or MBDs in CD4ϩ T cells harvested from BA infants. This analysis demonstrated that DNMT1 expression positively correlated with the overall methylation levels in CD4ϩ T cells (r ϭ 0.6290, p ϭ 0.0120; Fig. 3 ). However, there was no significant correlation between DNMT3a, DNMT3b, or MBD expression levels and global methylation status in BA CD4ϩ T cells compared with controls.
IFN-␥ expression and promoter DNA methylation in BA CD4؉ T cells. To investigate whether specific genes were hypomethylated in BA CD4ϩ T cells, we examined the expression levels of IFN-␥ mRNA and the methylation status of a known promoter fragment of the IFN-␥ gene. We chose to focus on this gene because others have shown that the IFN-␥ gene is particularly sensitive to alterations in methylation status in addition to being associated with autoimmunity (21-23). As shown in Figure 4A , INF-␥ mRNA levels in BA CD4ϩ T cells were significantly higher than levels observed in healthy controls (0.0008 Ϯ 0.0002 versus 0.0003 Ϯ 0.0001; p ϭ 0.0376). To define the methylation status of the IFN-␥ gene promoter of CD4ϩ T cells from BA infants and healthy controls, a 658-bp fragment located immediately 5Ј to the IFN-␥ gene transcription start site (Ϫ579 to ϩ79) was analyzed using bisulfite genomic DNA sequencing. gene promoter in CD4ϩ T cells. The mean methylation level of the five CG pairs within the amplified fragment (positions Ϫ458, Ϫ372, Ϫ297, Ϫ187, and Ϫ55) was significantly lower in BA infants than in healthy controls (47.1 Ϯ 1.899% versus 60.7 Ϯ 4.280%; p ϭ 0.0035; Fig. 4C ). Moreover, we found that the average methylation status of five CG pairs present in the IFN-␥ gene correlated with the mRNA expression levels in CD4ϩ T cells examined from BA infants and healthy controls (r ϭ Ϫ0.5720, p ϭ 0.0260; Fig. 4D ).
DISCUSSION
In this study, we assessed DNA methylation levels in CD4ϩ T cells harvested from infants presenting with BA using a global DNA methylation quantification kit to detect genomic DNA methylation levels. Our results demonstrated that CD4ϩ T cells exhibited significantly diminished global DNA methylation levels in infants presenting with BA compared with control subjects. Furthermore, decreased global methylation of BA CD4ϩ T cells correlated with decreased expression of DNMT1 and increased expression of IFN-␥.
In humans, DNA methylation is carried out by three enzymes, DNMT1, DNMT3a, and DNMT3b. DNMT3a and DNMT3b are primarily responsible for de novo methylation that occurs primarily during early development. Maintenance of genomic methylation patterns is mediated primarily by DNMT1. Both de novo DNA methylation and maintenance of methylation patterns are mediated by DNMTs (24, 25) , and the abundance of DNMT1 has been correlated with the status of DNA methylation (26) . In CD4ϩ T cells from BA infants, both DNMT1 and DNMT3a mRNA levels were reduced compared with control subjects. Furthermore, DNMT1 expression levels statistically correlated with the degree of hypomethylation in CD4ϩ T cells of BA infants. These data suggested that it is likely that reduced DNMT1 expression in CD4ϩ T cells contributed to BA development. Because BA is associated with CD4ϩ Th-1 cell-mediated immunity, it suggests that a specific immune response is involved with BA pathogenesis (5). Our present results showed that the mean methylation patterns of CD4ϩ T cells from BA infants were significantly decreased compared with control subjects suggesting that hypomethylation of CD4ϩ T cell DNA may have affected development or resulted in the development of BA.
Data presented in this report demonstrated that CD4ϩ T cells from BA infants presented with reduced levels of MBD1 mRNA and higher levels of MBD4 mRNA compared with levels observed in controls. In addition, MBD2, MBD3, and MeCP2 levels were decreased in BA infants, although the differences did not reach statistical significance. Despite expression irregularities, we did not find a significant correlation between global methylation levels and mRNA levels for any of the five MBD proteins in BA CD4ϩ T cells. On one hand, MBD1, MBD2, MBD3, and MeCP2 have been linked to transcriptional repression and defects that can affect DNA methylation (27) ; on the other hand, MBD4 can demethylate DNA by means of its 5Ј-mC (5-methylcytosine) DNA glycosylate activity (28) suggesting that MBD family members may play different roles in the DNA methylation process taking place in BA CD4ϩ T cells. However, given the relatively small sample size examined in the present study, it is possible that relationships between T-cell methylation levels and expression of either DNMT3b or MBD could be identified if a larger BA cohort were analyzed.
IFN-␥ over-expression is sufficient to elicit BA autoimmune responses in mouse and human lymphocytes. In a mouse model of rotavirus-induced BA, rotavirus infection triggered hepatobiliary inflammation mediated by IFN-␥ produced by CD4ϩ and CD8 ϩ T cells, resulting in progressive jaundice and growth failure. The genetic loss of IFN-␥ significantly suppressed tissue-specific targeting of T lymphocytes and completely prevented the inflammation and fibrosing obstruction of the extrahepatic bile ducts, a key pathogenic component associated with the BA progression (29) . In children presenting with BA, most of the genes examined showed differential lymphocyte function with activation of osteopontin, a regulator of cell-mediated immunity in T-helper lymphocytes and suppression of immunoglobulin genes during the early stages of disease associated with IFN-␥ production (30) . The overexpression of IFN-␥ suggested that Th-1-associated cytokines were important to the pathogenesis of BA (30) and that IFN-␥ gene-mediated immunity (through CD4ϩ T cells) could play an important role in mediating BA pathogenesis.
To determine whether DNA methylation changes contributed to INF-␥ overexpression in BA CD4ϩ T cells, the methylation status of the methylation-sensitive region within the proximal promoter of the IFN-␥ gene (located Ϫ73 to Ϫ48 bp upstream of the transcription start site and sufficient to induce IFN-␥ expression by activated T cells) (21) was assessed because methylation of the CpG motif at position Ϫ55 represents a major epigenetic regulatory mechanism (22, 23) . Also affecting INF-␥ expression is the cAMP response element-binding protein (CREB), activating transcription factor (ATF), and activator protein-1 (AP-1) that bind to the proximal promoter (31, 32) . In this study, we found that the proximal INF-␥ promoter region containing five CG pairs was hypomethylated in BA CD4ϩ T cells and that the average methylation status of this region was negatively correlated with IFN-␥ mRNA expression. These observations suggested that DNA hypomethylation may have contributed to increased IFN-␥ expression in BA cases consistent with previously reported observations describing that DNA hypomethylation lead to biliary defects and INF-␥-mediated signaling in Zebrafish (33) .
The causes of hypomethylation associated with different diseases has been associated with altered DNMT activity, histone modifications (loss of trimethylation and increased acetylation), exogenous insults (diet, environment, and infection), noncoding RNA, or with defective DNA repair (34, 35) . In addition, folate plays an important role in human embryonic development because it serves as a single carbon group donor (the main methyl group donor of the cell) (36) . Folate deficiencies are associated with a variety of birth defects including neural tube defects, Hirschsprung's disease, cleft lip, and cleft palate (36 -38) . Furthermore, exposure to toxic insults (such as arsenic) can have long-term effects in mice resulting in genome-wide DNA hypomethylation that enhances genetic instability (39) . Interestingly, causes of hypomethylation are consistent with the causes of BA (genetic, infective, inflammatory, and toxic insults might contribute to BA development) suggesting that hypomethylation might be a contributing factor associated with BA development.
In summary, our findings demonstrated that global genomic DNA methylation was compromised in CD4ϩ T cells examined from infants presenting with BA and that these cells also had abnormal DNMTs and MBDs expression levels that likely contributed to BA pathogenesis. Our results also provided basic epigenetic data that contributed to a better understanding of the mechanisms by which autoimmune-related genes (such as the IFN-␥ gene) become up-regulated in infants presenting with BA that ultimately results in hepatobiliary inflammation and fibrosing obstruction of bile ducts.
